A b s t r a c t A new t y p e o f d o p p l e r a c o u s t i c c u r r e n t p r o f i l e r (DCP) based on t h e t r a n s v e r s e d o p p l e r p r i n c i p l e is presented. A t r a n s v e r s e DCP measures v e l o c i t y p e r p e nd i c u l a r t o an a c o u s t i c beam by m e a s u r i n g t h e d i f f e r e nt i a l d o p p l e r s h i f t between t h e o u t p u t s o f t w o o r more receiving transducers using coherent processing.
The g o v e r n i n g e q u a t i o n s f o r a t r a n s v e r s e DCP are presented and t h e p r o c e d u r e f o r d e s i g n i n g a t r a n s v e r s e DCP i s o u t l i n e d .
R e s u l t s f r o m o p e r a t i n g a p r o t o t y p e t r a n sverse DCP system i n Chesapeake Bay a d j a c e n t t o a main shipping channel and i n the Bear Cut channel near the p o r t o f Miami are discussed. Possible applications of t r a n s v e r s e DCP s y s t e m s i n c l u d e m o n i t o r i n g o f w a t e r f l o w i n s h i p p i n g c h a n n e l s as we1 1 as oceanographic measurement.
I n t r o d u c t i o n C o n v e n t i o n a l d o p p l e r a c o u s t i c c u r r e n t p r o f i l e r s (DCP) employ a s i n g l e t r a n s d u c e r t o s a m p l e t h e a c o u s t i c r e t u r n f r o m s c a t t e r i n g o b j e c t s w h i c h h a v e been i l l u m i n a t e d by a n o t h e r ( o r p o s s i b l y t h e same) acoustic transducer. Denoting the speed o f sound by c, t h e v e l o c i t y component o f t h e s c a t t e r i n g o b j e c t ( s ) i n t h e d i r e c t i o n o f t h e i l l u m i n a t i n g t r a n s d u c e r
by v, and l e t t i n g 0 be t h e a n g l e b e t w e e n t h e i l l u m i n a t i n g transducer and the sampling transducer as viewed from t h e s c a t t e r i n g o b j e c t , t h e d o p p l e r s h i f t i s g i v e n The q u a n t i t y fo i s t h e f r e q u e n c y o f t h e i l l u m i n a t i n g sound. I n case the same t r a n s d u c e r i s u s e d f o r i l l umination and for sampling, @ = 0 so t h a t cos 0 t e r m i n equation (1) equals one.
Also, i f c = 1500 m/sec i s used, t h e n t h e c o n s t a n t 2/c has t h e v a l u e 13.3 Hz/cm/sec/MHz. T h a t i s , w i t h fo = 1 MHz, t h e d o p p l e r s h i f t A f is 13.3 Hz per centimeter per second of water v e l o c i t y .
U n f o r t u n a t e l y , i t i s n o t easy t o arrange favora b l e c o n d i t i o n s f o r t h e measurement o f t h e f r e q u e n c y s h i f t , Af, w h i l e a t t h e same t i m e r e t a i n i n g t h e advantages o f a c o u s t i c measurement such as separation of the measuring instrument from the region being measured, and t h e a b i l i t y t o r e m o t e l y sense a l a r g e volume o f water. The u s u a l s o l u t i o n t o t h e p r o b l e m o f defining the sampling volume i s t o use a narrow c o n i c a l beam and t o b r o a d c a s t t h e i l l u m i n a t i n g sound i n pulses. This permits a volume o f w a t e r d e f i n e d by t h e w i d t h o f t h e a c o u s t i c beam and of l e n g t h C d 2 where T i s t h e p u l s e l e n g t h t o be defined. When t h i s technique i s used, t h e i l l u m i n a t i n g a n d s a m p l i n g t r a n s d u c e r s a r e o f t e n p h y s i c a l l y i d e n t i c a l . Note a l s o t h a t t h i s t e c h n i q u e l e n d s i t s e l f w e l l t o r e m o t e s e n s i n g . P r o v i d e d s u f f i c i e n t s i g n a l i s s c a t t e r e d f r o m the sampling volume, t h e r e i s no l i m i t a t i o n on how f a r f r o m t h e (common) transducer the sampled volume may be.
The w i d t h o f t h e sample volume grows with range, US. Government work not protected by US. copyright.
194 however, so t h a t u n l e s s t h e beam i s very narrow, the sampled volume may become u n d e s i r a b l y l a r g e a t l o n g range.
The c h i e f d i f f i c u l t y w i t h t h i s r e p e t i t i v e p u l s e method i s w i t h measurement of t h e f r e q u e n c y s h i f t , A f .
The i d e a l l y c o n t i n u o u s a c o u s t i c r e t u r n i s now m u l t i p l i e d by a window o f l e n g t h T r e p e a t e d a t t h e p u l s e r e p e t i t i o n r a t e fs. The approach taken i n most p r e v i o u s DCP's t h a t u s e t h e p u l s e t e c h n i q u e i s t o consider the return from each pulse as a t i m e s e r i e s by i t s e l f [l] .
T h i s s h o r t t i m e s e r i e s i s t h e n analyzed t o e x t r a c t t h e d o p p l e r s h i f t . U n f o r t u n a t e l y , t h i s s i n g l e p u l s e method o f e s t i m a t i n g t h e d o p p l e r s h i f t has g r e a t l i m i t a t i o n s , a s w i l l be seen.
The n a t u r e of t h e sound s c a t t e r e r s i s of g r e a t importance for doppler because the variabi 1 i t y o f t h e s c a t t e r e r s d e t e r m i n e s t h e p u l s e t o p u l s e v a r i a b i l i t y o f t h e r e t u r n from t h e sample volume, and t h e i r p h y s i c a l n a t u r e d e t e r m i n e s t h e i r d i s p e r s i v e e f f e c t on the various frequency components i n t h e t r a n s m i t t e d i l l u m i n a t i n g sound pulse.
The s c a t t e r e r s a l s o cause v a r i a b i l i t y when they move w i t h i n t h e sample volume randomly from pulse t o p u l s e as w i l l happen w i t h p a r t i c u l a t e s c a t t e r s i n a t u r b u l e n t f l u i d o r w i t h f r e e l y m o v i n g p l a n k t o n i c s c a t t e r e r s . I n t h i s case t h e c l o u d of s c a t t e r e r s a c t s l i k e a " d i f f r a c t i o n g r a t i n g " so t h a t t h e many frequency components i n t h e t r a n s m i tted pulse are reflected with randomized phases.
A t r a n s m i t t e d p u l s e i s a l w a y s a s s o c i a t e d with sideband frequencies produced by the pulse modulation process, and when t h e phases of these sideband frequencies are randomi zed by a c l o u d o f s c a t t e r e r s , t h e r e s u l t can be v e r y u n l i k e t h e t r a n s m i t t e d p u l s e . F i g u r e 1. C l o u d o f s c a t t e r e r s i n random motion, corresponding doppler spectrum and typical s i g n a l r e t u r n .
i f t e d compon e n t t o t h e a c o u s t i c r e t u r n , i n d i c a t e d by the arrows i n t h e spectrum. When many scatterers are averaged over many p u l s e s t h e r e s u l t i s t h e c o n t i n u o u s s p e c t r u m w i t h mean T = f + A f i n d i c a t e d by t h e dashed l i n e . T h i s i s t h e c k p p l e r s p e c t r u m , w h i c h f o r p a s s i v e s c a t t e r e r s i s an i n d i c a t i o n o f t h e t u r b u l e n c e l e v e l [ Z ] .
BeloN the spectrum i n F i g u r e 1 i s a t y p i c a l t i m e s e r i e s o f t h e a c o u s t i c r e t u r n f r o m t h e c l o u d o f scatterers having that doppler spectrum. This signal i s v e r y u n l i k e a s i n u s o i d w i t h f r e q u e n c y 7, and t h e d i f f i c u l t y f o r t h e s i n g l e p u l s e method o f d o p p l e r p r o c e s s i n g i s t o e s t i m a t e f from a s h o r t sample o f t h i s t i m e s e r i e s .
Without going into the fundamentals of signal p r o c e s s i n g t h e o r y , p e r f o m a n c e l i m i t a t i o n s f o r s i n g l e pulse doppler systems can be deduced from we1 1 -known r e l a t i o n s .
The r e l a t i o n s h i p between t h e u n c e r t a i n t y o f t h e f r e q u e n c y o f a s i g n a l (measurement e r r o r o f t h e d o p p l e r s h i f t ) and t h e measurement t i m e ( T f o r a single pulse system) given by
when l / r , t h e t r a n s m i t t e d b a n d w i d t h , i s much g r e a t e r than the doppler spectrum width.
Those f a m i l i a r w i t h quantum mechanics w i l l recognize d s i m i l a r i t y t o t h e H e i s e n b e r g u n c e r t a i n t y p r i n c i p l e . E q u a t i o n ( 2 ) i s o f similar fundamental importance in signal processing, and s e t s f u n d a m e n t a l l i m i t s t o measurement that cannot be exceeded.
To t h e e l e c t r o n i c a l l y minded, measurement schemes o c c u r t h a t seem t o r e a d i l y i m p r o v e on t h e r e l a t i o n i n e q u a t i o n (2).
Closer analysis of these methods show t h a t t h e y depend upon knowledge o f t h e s i g n a l (e.g., t h e s i g n a l i s a n e a r p e r f e c t s i n e wave etc.) that cannot be assumed f o r a p u l s e d s i g n a l whose phase has been randomized.
S u b s t i t u t i n g
t h e r e l a t i o n r\R = c~/ 2 i n t o t h e u n c e r t a i n t y r e l a t i o n , e q u a t i o n ( Z ) , and using equation (1) 
as t h e r e l a t i o n s h i p between t h e measurement e r r o r of v e l o c i t y , av, and t h e l e n g t h of t h e sample volume,
AR.
The c o n s t a n t m u l t i p l y i n g l/fo i n e q u a t i o n ( 3 ) has t h e v a l u e 56 m cm/sec MHz. Thus, a t 1 MHz a range c e l l l e n g t h of 1 meter i s accompanied by a v e l o c i t y u n c e r t a i n t y o f 56 cm/sec. Averaging many measurements only slowly improves the estimate because the velocity measurements obtained from analyzing individual pulses a r e s t a t i s t i c a l l y i n d e p e n d e n t . Thus, averaging 100 measurements reduces the error by a factor of Only ten, so t h a t t h e u n c e r t a i n t y i n t h e v e l o c i t y measurement i s s t i l l 5.6 cm/sec f o r a range Cell of 1 m a t 1 MHz.
Another method of extracting doppler information from a p u l s e d a c o u s t i c s y s t e m i s p u l s e t o p u l s e c o h e rent processing. Coherent processing involves looking a t t h e change i n phase o f t h e r e t u r n s i g n a l from p u l s e t o p u l s e ; s i n c e t h e f r e q u e n c y i s A f u n d a m e n t a l l i m i t a t i o n here i s s e t by the sampling theorem. Since the signal i s sampled a t t h e p u l s e r a t e , f,, the sampling theorem r e q u i r e s t h a t where Afma i s t h e d o p p l e r s h i f t c o r r e s p o n d i n g t o t h e maximum wa'ter v e l o c i t y vm x expected.
The sampling theorem, equation ( 4 ) , c a n % e I n t e r p r e t e d a s s e t t i n g a lower bound on t h e p u l s e f r e q u e n c y , o r t h r o u g h t h e two-way t r a v e l t i m e r e l a t i o n , on the mximum range. That i s , Rmax 'max -< C 2 / f o 2 cos Q
N o t e t h e s i m i l a r i t y t o t h e l i m i t s f o r t h e s i n g l e p u l s e processing system given by equation (3). The numeri c a l c o n s t a n t s a r e even i d e n t i c a l t o w i t h i n a f a c t o r of two. Note, however, t h a t t h e r e i s no l i m i t a t i o n on t h e l e n g t h o f t h e s y n t h e s i z e d t i m e s e r i e s , so t h a t t h e r e i s no l i m i t t o t h e t h e o r e t i c a l
a c c u r a c y o f measurement using the pulse coherent system.
F i g u r e 2 i l l u s t r a t e s t h e d i f f e r e n c e between s i n g l e p u l s e p r o c e s s i n g and p u l s e t o p u l s e c o h e r e n t processing. The t o p t i m e s e r i e s shows a s e r i e s of p u l s e s ( v e r t i c a l a r r o w s ) w h i c h g i v e t h e s i g n a l s t h a t f o l l o w . These s i g n a l s have been c o n v e r t e d t o base band, t h a t i s t h e f r e q u e n c y component f o has been removed, so t h a t t h e f r e q u e n c y o f t h e s i g n a l s i s t h e d o p p l e r s h i f t
A f .
The pulse windowing process i s i n d i c a t e d by t h e d o t t e d l i n e s l e a d i n g t o t h e s h o r t t i m e s e r i e s o f l e n g t h nR b e l o w t h e f u l l t i m e s e r i e s o f s i g n a l . I t i s t h e t a s k o f t h e s i g n a l p r o c e s s o r t o e x t r a c t t h e d o p p l e r s h i f t , Af, f r o m t h i s s h o r t p i e c e o f
t i m e s e r i e s as i n d i c a t e d by the double arrow. As shown above t h e u n c e r t a i n t y r e l a t i o n f o r t i m e s e r i e s p r o d u c e s f u n d a m e n t a l l i m i t a t i o n s i n t h e a c c u r a c y t o which A f and hence AV can be measured by t h i s method. 
Note however, t h a t t h e r e i s no l i m i t a t i o n on t h e t i m e between pulses as i n d i c a t e d by t h e b r o k e n l i n e s between the pulses.
Thus, a s i n g l e p u l s e d o p p l e r system can sample t o as d i s t a n t a range as signal s t r e n g t h c o n s i d e r a t i o n s a l l o w . The p u l s e t o p u l s e coherent system i s i n d i c a t e d i n t h e same way on t h e b o t t o m o f F i g u r e 2.
As before, a s e r i e s o f p u l s e s ( a r r o w s ) i s t r a n s m i t t e d and t h e i n d i c a t e d s i g n a l s a r e r e c e i v e d , I n s t e a d o f p r o c e s s i n g a subseries of the f u l l t i m e s e r i e s , a new t i m e s e r i e s i s s y n t h e s i z e d by s a m p l i n g t h e o r i g i n a l t i m e s e r i e s once p e r t r a n s m i t t e d pulse as i n d i c a t e d by t h e d o t t e d l i n e s . Note, t h a t t h e r e i s n o l i m i t a t i o n on t h e l e n g t h o f t h e t i m e s e r i e s as i n d i c a t e d by t h e b r o k e n l i n e s i n t h e l o w e r p a r t o f F i g u r e 2 so t h a t t h e r e i s no l i m i t t o t h e t h e o r e t i c a l
a c c u r a c y o f measurement using the pulse coherent system. The c u r i o u s r e l a t i o n between t h e l i m i t a t i o n s o f t h e s i n g l e p u l s e system, equation
, and t h e l i m i t at i o n s o f t h e p u l s e t o p u l s e c o h e r e n t system, e q u a t i o n (5), shows t h a t t h e r e i s no simple way t o combine t h e two systems t o overcome t h e l i m i t a
There exist sophisticated methods using psuedo-
t h a t i s , a s t r o n g s c a t t e r a t one v e l o c i t y may show up a t a n o t h e r v e l o c i t y . I t i s t h u s u n l i k e l y t h a t a useful oceanographic instrument might be based upon psuedo-random techniques.
Transverse Doppler Operation
Many o f t h e l i m i t a t i o n s i d e n t i f i e d i n t h e p r evious section can be e l i m i n a t e d by u t i l i z i n g a s p e c i a l transducer geometry that enables the measurement of t h e d o p p l e r s h i f t t r a n s v e r s e t o t h e i l l u m i n a t i n g beam.
A single narrow beamwidth transducer transmits a p u l s e o f sound t h a t i s sensed by a u x i l i a r y b r o a d b a n d transducers as shown i n F i g u r e 3. A t any given time the signal sensed by t h e a u x i l i a r y t r a n s d u c e r s i s f r o m a volume determined by the width of the main beam and by t h e l e n g t h o f t h e p u l s e , T h i s beam geometry i s o f t e n used i n l a s e r v e l o c i m e t r y [4] . Note a l s o t h a t t h e F o u r i e r t r a n s f o r m r e l a t i o n between spectra and c o r r e l a t i o n f u n c t i o n s t r a n s f o r m s a t r a n s v e r s e d o p p l e r system i n t o s o m e t h i n g l i k e a c o r r e l a t i o n s o n a r [SI.
F i g u r e 3. Schematic di agram o f o p e r a t i o n t r a n s v e r s e d o p p l e r c u r r e n t p r o f i l e r .
o f
The main beam t r a n s m i t s f r e q u e n c y fo and t h e a u x i l i a r y t r a n s d u c e r s s u b t e n d a n a n g l e 2 0 as seen by t h e s c a t t e r e r s i n the sampling volume.
The t r a n s v e r s e d o p p l e r s h i f t i s d e f i n e d i n t h e p r o c e s s o r a s t h e d i ff e r e n c e i n r e c e i v e d f r e q u e n c i e s a t t h e t w o a u x i l l a r y t r a n s d u c e r s , i . e . , t h e d i f f e r e n t i a l d o p p l e r s h i f t . D e f i n i n g v T as t h e v e l o c i t y t r a n s v e r s e t o t h e main beam, a n a l y s i s shows t h a t A f T = f I -fII =? f o s i n e ( 6 ) The t r a n s v e r s e d o p p l e r s h i f t t h u s has t h e same r a l a t i o n t o t h e t r a n s v e r s e v e l o c i t y component as t h e r a d i a l d o p p l e r s h i f t has t o t h e r a d i a l v e l o c i t y component except that cos Q i s replaced by s i n 0. T h i s s l i g h t change r e s u l t s i n a great improvement i n DCP system performance tradeoffs.
For useful remote sensing geometries the angle 0 w i l l be f a i r l y smal 1, on t h e o r d e r o f a few degrees. The t r a n s v e r s e d o p p l e r s h i f t w i l l t h u s be a t l e a s t an order of magnitude smal l e r t h a n t h e r a d i a l d o p p l e r s h i f t . T h i s e x a c e r b a t e s t h e p r o b l e m o f s i n g l e p u l s e p r o c e s s i n g , b u t i m p r o v e s t h e s i t u a t i o n w i t h p u l s e t o pulse coherent processing.
To s e e t h i s , t h e l i m i t a t i o n s f o r t h e t r a n s v e r s e d o p p l e r become 
T h a t i s , t h e l i m i t a t i o n s a r e o f t h e same form as f o r r a d i a l d o p p l e r w i t h s i n
O r e p l a c i n g cos Q. Equation (7) s a y s t h a t when o i s s m a l l t h e e r r o r i n t h e t r a n s v e r s e d o p p l e r w i l l be much l a r g e r t h a n t h e e r r o r i n t h e r a d i a l d o p p l e r f o r c o m p a r a b l e g e o m e t r i e s . On t h e o t h e r hand, equation (8) shows t h a t when u s i n g t h e t r a n s v e r s e d o p p l e r s h i f t , t h e maximum range can be extended, or the maximum measurable velocity can be i n c r e A system combini n g t h e t r a n s d u c e r g e o m e t r y s h o w i n F i g u r e 3 t o g e t h e r w i t h p u l s e t o p u l s e c o h e r e n t p r o c e s s i n g as shown i n F i g u r e 2 w i l l t h u s h a v e v e r y d e s i r a b l e c h a r a c t e r i s t i c s f o r use as a p r o f i l i n g d o p p l e r c u r r e n t m e t e r . By v a r y i n g t h e a n g l e 0 t h e c o e f f i c i e n t r e l a t i n g d o p p l e r f r e q u e n c y s h i f t t o w a t e r v e l o c i t y can be v a r i e d o v e r a wide range for a given frequency fo. This w i l l p e r m i t t h e maximum range/maximum v e l o c i t y t r a d e o f f g i v e n by equation (8) (1) For assessing the effect of water flow on s e d i m e n t t r a n s p o r t v e r y d e t a i l e d i n f o r m a t i o n about the boundary layer within a few m e t e r s o f t h e ocean bottom i s r e q u i r e d . T h i s i n f o r m a t i o n i d e a l l y c o n s i s t s of p r o f i l e s o f v e l o c i t y w i t h r a p i d t i m e r e s o l u t i o n and d e t a i l e d s p a t i a l r e s ol u t i o n (a few centimeters). A system u t i l i z i n g t h e t r a n s v e r s e d o p p l e r p r i n c i p l e w i t h To = 3 MHz, and 0 = 2 ' w i l l have a maximum v e l o c l t y o f 107 cm/sec f o r a maximum range of 2.5 meters. The p u l s e r a t e f s w i l l be 300 Hz so that response w i l l be r a p i d and t h e r a n g e r e s o l u t i o n c a n e a s i l y be i n t h e c e n t i m e t e r r a n g e . I n a d d i t i o n , 3 MHz i s a good frequency for sensing suspended sand w i t h i n t h e b o u n d a r y l a y e r , and t h e s i g n a l c a n 
